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Discontinuities which may form in a soil mass due to desiccation have been shown to be a source of engineering
concern in situations where low permeability barriers are required. Current methods for assessing the condition
of such geo-barriers, are mainly based on visual inspections, which are inadequate when the soil surface is
obscured by vegetation. Electrical Resistivity Tomography (ERT) has been shown to be sensitive to the presence
of fissures in 2-D with inversion models mapping the fissure's positions and enabling their growth to be moni-
tored. This paper presents a method for mapping fissured networks in 3-D using miniature arrays under labora-
tory conditions. The results of two experiments using compacted clay from two separate embankments show
a good comparison between the visible surface fissures and the surface model obtained from a 3-D inversion,
as well as showing good agreement between the vertical sections of the model and the exposed model interior
following dissection. Additionally the results confirm that the 3-Dmethod is suitable for monitoring the onset of
fissuring. A comparison of Schlumberger, Dipole–Dipole and combined arrays for visualising the fissures is also
presented, indicating that the combined method produces the most accurate image of the subsurface, while
the Schlumberger array provides a greater resolution than the Dipole–Dipole array, alongside the added benefit
of shorter survey times.
© 2012 Elsevier B.V. All rights reserved.
1. Introduction
Desiccation cracking in soils can result in considerable change in
the hydraulic and mechanical properties of existing structures. The
significant increase in the hydraulic conductivity of the soil caused
by desiccation cracking (Dyer et al., 2009) can create preferential
paths for contaminant transport in the substrata (Armstrong et al.,
1994; Drumm et al., 1997; Flurry et al., 1994; Rounsevell et al., 1991).
Desiccation cracking has also been recognised as one of the major
causes of the reduced performance of landfill covers and clay liners
(Albright et al., 2006; Daniel and Wu, 1993; Melchior, 1997; Philip
et al., 2002; Southen and Rowe, 2005; Yesiller et al., 2000) and may
lead to enhanced seepage and progressive failures in flood embank-
ments, as reported by Marsland (1957).
The formation of desiccation fissures in soils results from a rise
in negative pore water pressure (suction) within the soil, due to
an air–water interface entering into a saturated medium (Shin and
Santamarina, 2011). Increasing suction results in the build-up of
internal tensile forces, causing volumetric shrinkage of the media,
with constrained shrinkage resulting in the propagation of fissures at
the surface of the soil (Konrad and Ayad, 1997). The onset of fissuring
corresponds to a change from the saturated solid–liquid state to the
unsaturated solid–liquid–gas state (air-entry)where air begins to replace
water in the soil pores (Peron et al., 2009), causing the volumetric mois-
ture content of the soil to reduce.
Continuous desiccation results in the separation of the soil into
polygonal blocks, divided by a network of fissures (Corte and Higashi,
1964; Kodikara et al., 2000). Shrinkage acting on the blocks can lead
to shear planes forming beneath the surface of the soil, resulting in hor-
izontal subsurface fissuring, leading to the separation of the desiccated
blocks from the rest of the soil structure (Konrad and Ayad, 1997; Style
et al., 2010). These fissuring networks may provide preferential flow
paths when water levels are high, leading to embankment failures
(Cooling and Marsland, 1954; Marsland and Cooling, 1958).
A typical condition survey of flood embankments consists of pe-
riodic, visual walk-along observations (Morris et al., 2007). Normally
the surveys are carried out in the winter months, when vegetation is
lower, allowing the soil surface to be observed (Perry et al., 2003; BS
7370–5:1998). However, vegetation can often remain sufficiently
dense obscuring the soil surface and a general reduction in crack size
during the wetter, winter months can make identification of fissures
difficult, thus masking the severity of the problem.
To date, investigating the actual depth of fissuring has only been
possible through the excavation of trenches (a destructive technique)
as carried out by Cooling and Marsland (1954) and Dyer et al. (2009).
A non-destructive technique which can be used to detect and charac-
terise fissures in the subsurface and on the surface where direct visual
identification is inadequate is required. In particular a method which
allows for the identification of fissure networks, through the charac-
terisation of polygonal blocks at the soil surface and the detection of
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subsurface fissuring would identify soil-barriers at risk of failure.
Ideally such amethod should also enable the monitoring of fissure de-
velopment in earthwork structures, as well as tracking the seasonal
changes in resistivity due to changes in soil moisture. Suchmonitoring
would provide a better understanding of the soil mass behaviour
when subjected to extreme weather patterns and could act as an
early stage detection system for earthwork structures.
1.1. Electrical Resistivity Tomography
Electrical Resistivity Tomography (ERT) is a commonly used geo-
physical method for the imaging of shallow sub-surface targets. Recent
improvements in resistivity equipment have resulted in improved
quality and efficiency of complex surveys. Moreover advances in inver-
sion software and computer technology have enabled better modelling
of resistivity data. Common uses of ERT include water exploration
and contaminant flow detection (Bensom et al., 1997; de Lima et al.,
1995; Martínez-Pagán et al., 2010), in engineering site investigations
(Banhamand Pringle, 2011; Rucker et al., 2009) locating buried artefacts
or structures in Archaeological surveys (Negri et al., 2008; Tonkov and
Loke, 2006) as well as providing geological and hydrogeological site
information (Essahlaoui et al., 2001; Ganerod et al., 2006).
3-D resistivity surveys, as with most 3-D geophysical methods, are
used to resolve complex subsurface structures where simpler 2-D
surveys would not be sufficient. The most common method for the
acquisition of data for a 3-D survey is the use of parallel 2-D line sur-
veys (Papadopoulos et al., 2010) due to the ease of implementation in
a field survey and the simplicity of the post survey data analysis
(Loke, 2010). Data from such a survey can be poor as coverage may
be low, particularly near the surface, depending on the in-line spacing
applied, and the effects of anisotropy cannot be easily identified. By
closely placing the parallel lines the results can be greatly improved
(Papadopoulos et al., 2010). Many resistivity units allow orthogonal
(2 plane) (Chambers et al., 2002; Rucker et al., 2009) or cross diagonal
(4 plane) surveys (Loke and Barker, 1996b), allowingmeasurement in
the x‐ and y-direction and in two perpendicular, diagonal-directions,
providing good coverage of the subsurface and allowing the effects
of anisotropic anomalies to be reduced (Aizebeokhai, 2010). Loke
and Barker (1996b) carried out a 3-D survey with a uniform 7 by 7
grid using the cross-diagonal method. The survey and subsequent
inversion imaged likely positions of tree roots and gravel beds that
would not have been visualised using a simple 2-D survey.
Papadopoulos et al. (2010) surveyed burial mounds using pole–
dipole arrays in densely spaced 2-D lines, to investigate the soil proper-
ties of the burial mound and to resolve the burial chambers. Additional
orthogonal surveys were also completed, but the authors concluded
that no additional information was obtained due to the density of the
lines. The study successfully resolved the burial chambers and identified
inhomogeneities in the soil, likely to represent the presence of different
fill materials.
Chambers et al. (2002) investigated the use of ERT on a brownfield
site, investigating the resolution of two target objects, and compared
the results from dipole–dipole and Wenner-Alpha arrays. The first
survey consisted of an ERT survey using only orthogonal lines over
a buried wall consisting of organic construction material (peat
and leaf moulds) and traditional manmade construction materials
(concrete, sand, aggregates and bricks). The second survey was a
combined ERT and induced polarity (IP) survey over a buried metallic
drum, using parallel survey lines only. The results for the wall survey
showed greatly improved resolution for the Orthogonal surveys
as compared with the survey obtained in the y-direction only, and
showed an improved resolution for the Dipole–Dipole when com-
pared with the Wenner–Alpha. The results for the second survey
did not resolve the metallic drum for the ERT survey owing in part
to the single plane of investigation used in both the survey itself
and the subsequent inversion. The IP survey however was able to
resolve the drum with a large vertical error between the physical po-
sition of the drum and the psuedoposition in the resistivity model.
Rucker et al. (2009) carried out a huge survey consisting of more than
7000 electrode positions and acquiring close to 120,000 data points
for a 3-D survey over a nuclear disposal site, using an orthogonal survey
with a pole–pole array to map the extent of radiological waste in
the area. The results of the survey corroborated the results obtained
from borehole measurements. Samouelian et al. (2004) experimented
with unconventional square arrays for 3-D measurements. Square
arrays have previously been employed in 1D ERT exploration for the
identification of fractures in rock, as they can identify the dip angle at
different depths (Busby, 2000) and eliminate the effect of anisotropy
on the resistivity measurements. This array is difficult to set up and re-
quires a full 90° rotation in order to measure anisotropy (or commonly
2 rotations: 0° to 45° to 90°) and is not commonly used in 3-D surveys.
The 3-Dmethod employed and the array type used depends on the
equipment available as well as the topographic conditions of the site
being surveyed. Cost and time constraints of the survey can often
influence the decision of the geophysicist.
1.1.1. Resistivity and fissuring
Electrical conductance in soil occurs due to the movement of anions
and cations during the application of an electrical field. Potential
drops due to energy losses in the material can be measured, and the
electrical conductivity (or inversely the resistivity) of the material can
be established (Reynolds, 1997).
The presence of fissures or fractures forming in a solid material
can be considered to divert the flow of ions, resulting in greater
potential losses than would be experienced in intact soil. The actual
resistivity of a fissure can be assumed to be that of air and is therefore
virtually infinite relative to the surrounding material. However, the
apparent resistivity as measured by resistivity units is far lower. When
considering the shape and size of fissures, it can be assumed that the
depth and length of the fissure, rather than the fissure width, have the
greatest influence on the apparent resistivity by creating a large barrier
to the flow of ions in the material.
Previous studies (Samouelian et al., 2003, 2004; Sentenac and
Zielinski, 2009; Zielinski et al., 2011) have used Electrical Resistivity
Tomography (ERT) to image fissures forming in the soil subsurface.
Samouelian et al. (2003) first showed the sensitivity of ERT in
mapping artificially created 2-D fissures in a silty loam. The study
used a Wenner–Alpha Array and used the RES2DINV inversion soft-
ware (Loke, 2010; Loke and Barker, 1996a) to identify a contrasting
area of high resistivity representing the fissure and lower resistivity
representing intact soil. The authors concluded that to adequately
resolve the desiccation fissures in a 2-D resistivity model, the creation
of dedicated software was necessary (Tabbagh et al., 2007).
In addition to their 2-D models, Samouelian et al. (2004) used 3-D
resistivity monitoring to detect the onset of desiccation fissuring in a
compacted block of material. Square arrays were used in the study
to identify the dip angle of the fissures as they formed. The study
showed areas at the surface of the 3-D model with high resistivity,
relating to the positions of the fissures in the soil, although no clear
images of the fissuring network were obtained from the resistivity
scan. In addition the study showed an increase in the measured resis-
tivity values with drying time, indicating a relationship between the
apparent resistivity and soil moisture content.
Sentenac and Zielinski (2009) used miniature electrodes in a clay
model to monitor the onset of desiccation fissures in a 2-D plane. In
their study, a Schlumberger array was used to ensure that the survey
was sensitive to both vertical and horizontal fissures forming in the
clay. Importantly the study revealed improvements in the RES2DINV
inversion software enabling the vertical fissures to be resolved and
identified in the subsurface. The positions of the vertical fissures
were defined as they formed, and a possible horizontal discontinuity
owing to fissuring beneath the shear plane was revealed. Additionally
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the use of a conductive gel tracer was investigated as a potential
method of improving the resolution of the observed fissures. The
study showed that the gel filled vertical fissures were resolved as in-
dividual anomalies of low resistivity, however the gel did not pene-
trate any horizontal fissures formed in the subsurface meaning that
such fissures were not resolved.
This study builds on previous work and aims to map fissures
forming in the subsurface while also mapping those forming at the
surface and characterising the polygonal blocks that can be used to
indicate fissure interconnection. The study also compares the mapped
subsurface with dissected sections of the physical model, allowing
for the depth of fissuring to be verified. Additionally the study com-
pares the use of Dipole–Dipole and Schlumberger arrays for the 3-D
mapping of the evolution of fissure networks in clay subjected to
drying and discuss the possible range of resistivity that can be applied
to fissures forming in a clay, with verification from the soils tested.
2. Laboratory study
2.1. Array comparison and survey design, Schlumberger and Dipole–Dipole
It can be considered that the Pole–Dipole (three electrodes) or
Pole–Pole (two electrodes) arrays are best used in small 3-D surveys
(12 by 12 grid or smaller) to ensure that data coverage at the edge of
the survey is high (Loke, 2010). Such arrays are difficult to re-create
in the laboratory due to the necessity of an infinite electrode. Arrays
using 4 electrodes do not require infinite electrodes and can be easily
scaled down to a miniature level. In this study Schlumberger and
Dipole–Dipole arrays are compared and the capability of each method
for use in surveying structures for the presence of fissures is also
discussed. The arrays have different properties which can result in
varied resolutions of target objects. Additionally these varying proper-
ties can be complementary and surveys can be combined to obtain
more accurate resolution of target objects (Athanasiou et al., 2007).
2.1.1. Schlumberger array
Schlumberger arrays place the current electrodes at opposite ends
of the array with the potential electrodes placed centrally (Fig. 3).
Increasing depths are measured by expanding the spacing between
the current and potential electrodes by a factor of n. The configuration
creates an array which has the highest sensitivity in the centre of
the array between the potential electrodes. At low values of n, the
array is most sensitive to changes in the horizontal plane, whereas
when n increases the array is increasingly sensitive to vertical changes
(Barker, 1979). This enables the Schlumberger to be sensitive to both
horizontal and vertical structures. When considering the 3-D sensi-
tivity, the array displays a narrow range resulting in poor coverage of
data outside themain survey line,making theSchlumberger less suitable
for 3-D surveys when parallel lines are employed, particularly when the
lines are not closely spaced. Additionally the Schlumberger array has
poor data coverage at the edges of the survey when considering a 3-D
grid and this problem is increased as greater depths are surveyed.
In this study the Schlumberger N6 arraywas used, with an electrode
spacing of 4.5 cm and a maximum n expansion of 5, utilising the entire
length of the array (49.5 cm) in the x-direction.
2.1.2. Dipole–Dipole array
In Dipole–Dipole arrays the two current and two potential elec-
trodes forming a pair of dipoles are placed at opposite ends of the
array (Fig. 3). As with the Schlumberger array, increasing depths are
measured by increasing the dipole separation. The highest sensitivity
values are located between the two current and potential dipoles,
resulting in high sensitivity to horizontal changes in resistivity and
subsequently lower sensitivities to vertical changes. When considering
the 3-D sensitivity, the Dipole–Dipole array has a much broader range
outside the main line of strike than any other four electrode array.
This factor can affect the accuracy of a 2-D survey where non in-line
objects can result in interference. However, this makes Dipole–Dipole
arrays more suited to 3-D surveys when using parallel lines of elec-
trodes. The configuration of the Dipole–Dipole array results in greater
data coverage than the Schlumberger array over the same survey,
although the array also suffers from poor data coverage at the edges
of the model in a 3-D grid. Additionally the improved data coverage
can result in greatly increased survey times. Another factor which
should not be neglected when considering the Dipole–Dipole array
particularly for ERT monitoring is the necessity for good contact
between the electrode and the soil: dry soil would act to increase the
contact resistance between electrode and soil, therefore resulting in
larger uncertainties in the recovered data.
In the presented study the Dipole–Dipole N4 array was used, with
initial dipole sizes of 4.5 cm used on the first four layers of data, with
dipoles expanding to 13.5 cm using dipole separations of 0.33, 0.67, 1,
1.33 and 1.67, using the full array length in the x-direction.
2.1.3. Survey design
The arrays used here were set in a 3-D arrangement of 144 elec-
trodes placed in a 12 by 12 grid (Fig. 1). An electrode spacing of
4.5 cm was used in both the x and y directions creating a maximum
array length of 49.5 cm. The electrodes were connected to the
multicable via small diameter gold-plated pins, enabling the survey
line to be moved without removing the electrodes. The equipment
available restricted the connected electrodes to 48 at a time, which
prevented the ideal situation of a 12 by 12 grid from being used. The
grid was divided into three discrete sections of 12 by 4 electrodes,
measured individually using an ARES resistivity unit manufactured
by GF Instruments (Czech Republic). From each section 130 data
points were recovered with the Schlumberger array and 210 with the
Dipole–Dipole using the cross diagonal method. The setup resulted in
a single layer of measurement being recovered in the y and diagonal-
directions for both array types used.
After each measurement the multicable was disconnected, moved
and re-connected to the neighbouring section. Care was required not
to disturb the electrodes inserted into the soft soil, which resulted
in increased setup time for each measurement. Additionally the
multicable was completely disconnected from the array between
surveys to allow the soil surface to be photographed. In total the
time required for a complete survey of the model ranged from 2 to
4 hours when considering the setup and measurement time and when
using both Dipole–Dipole and Schlumberger arrays. Approximately
20 minutes was required between measurements for repositioning
the survey grid.Fig. 1. Arrangement of electrodes and positions of discrete survey grids.
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Data coverage could have been increased through the use of
overlapping surveys with increased length, increasing the depth
mapped; however such an arrangement was not investigated due to
the additional survey time required. Roll along surveys providing
extra data for the areas between the discrete sectionswere investigated
but proved difficult using the miniature cables required and was
ultimately considered overly time consuming considering the rela-
tively low level of extra data recovered and that the data was only
recovered for the top-most layer of the model. One roll along survey
was completed on the final model with the Schlumberger array as
shown in Fig. 2. It can be seen that the resolution of small fissures
crossing the y–z plane on the surface model obtained is lower for
the discrete model (Fig. 2a) than obtained using when compared to
the model obtained from the continuous rolling method (Fig. 2b).
Importantly there is no observable improvement in the resolution
of fissures with depth and the RMS values are only slightly improved.
2.1.4. Contour values
To allow contrasting fissures and intact soil to be observed appro-
priate contouring was devised. Reynolds (1997) provides extensive
data on the range of resistivity values that can be applied to different
soil or rock types. When considering the clays used in the experiment,
resistivity can normally be found to be between 1 and 100 ohm-m,
although “very dry clay” can elevate the resistivity to a range of 50 to
150 ohm-m (Reynolds, 1997). Based on the ranges and the observed
values obtained from the experiment, it was assumed that any section
of soil with resistivity of 100 ohm-m or greater could be considered to
be a section of soil with a large fissure present, although any anomaly
with high resistivity (50 ohm-m or more) could be considered to
be lightly fissured soil where the depth of the anomaly was small, as
observed in the early stages of the desiccating Thorngumbald model.
The ranges defined hold true for the inversions obtained from both
models discussed here, although the authors accept that such a range
may not be appropriate for every case where fissures exist in a soil
barrier. It is therefore worth considering that the range of values for
sections of the resistivity models confirmed by visual comparison to
be fissures varies from 100 ohm-m to as high as 9000 ohm-m. As can
be seen in the models presented herein, the resistivity of the fissures
is rarely lower than 250 ohm-m. Such high values would obviously be
observable on most materials although further study is needed before
defining absolute values for fissures.
2.2. Material
Two separate physical models were created using different types
of soil sourced from existing embankments, with the aim of investi-
gating the influence of soil type on resistivity measurements. The
first material (a silty clay) was reclaimed from a disused flood embank-
ment located near Thorngumbald along theHumber estuary in England.
A full description of the soil properties can be found in Ghataora et al.
(2007). The second material (a boulder clay) was obtained during
the construction of a flood embankment near Galston in East Ayrshire,
Scotland. The properties of the boulder clay are described in Zielinski
et al. (2011).
2.3. Experimental setup
The physical model used in this study was a square section of
compacted embankment clay, designed to simulate a section of the
embankment crest subjected to drying. The clay was contained within
a wooden box of dimensions 0.6×0.6×0.2 m, which was lined with
Perspex with an attached geo-membrane, which was used to minimise
the shrinkage of the soil, thus simulating the restraining effect of a
massive compacted structure.
Both soils were air dried, crushed and sieved in order to remove
any stones and large organic matter that could influence themeasure-
ments. Once crushed, the soil was wetted by spraying water onto the
dry soil and mixed manually. To achieve consistent moisture content,
the soil was mixed in batches of 10 kg (dry mass) with the container
placed on an electronic balance tomonitor thewater added. The target
water content of the models was wet of optimum (i.e. at a water
content greater than that required to achieve maximum density), at
22% for Thorngumbald and 20% for Galston, to ensure that a significant
amount of shrinkage of the soil would occur. Once the soil was mixed
it was stored in air tight containers for 48 hours to ensure further
Fig. 2. Effect of using roll along measurements: (a) discrete sections (b) roll along, continuous section.
Fig. 3. Schlumberger and Dipole–Dipole array configurations.
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homogenisation of water content throughout the soil. The wet soil
was then compacted using a wooden plate of 0.6 by 0.6 m onto which
a 6 kg hammer was dropped from a height of approximately 0.5 m.
This procedure ensured that a smooth surface was created during com-
paction enabling easy identification of early fissures. Once compacted
the model was soaked by spraying water onto the exposed surface of
the soil, which was then covered for 3 days to ensure homogenisation
of the soil.
One hundred and forty‐four Electrodes were fabricated using
0.65 mm diameter stainless-steel pins (Fig. 4) and inserted into the
soil to a depth of approximately 1 cm. The diameter was kept deliber-
ately small tominimise the impact of the electrode on the surrounding
soil so as not to influence the formation of the fissures and tominimise
the deviation from an ideal point source due to the “electrode effect”;
i.e. the effect of the physical size of an electrode on the apparent resis-
tivity measurement. The depth of electrode insertion was 1 cm which
gave an electrode length to electrode spacing ratio of 0.22, just above
the “critical” ratio of 0.2 defined by Rücker and Günther (2011); a
much deeper insertion would have increased the ratio resulting
in greater uncertainty of measurement, whereas a shallower depth
of insertion would have provided poorer contact between electrode
and soil, increasing the contact resistance. The contact resistance
was observed to be high with values of close to 8000 ohms recorded
for the model in the final stages of drying, compared to 600 ohms for
the initial model. In order to achieve a good contact between the soil
and electrodes, water was sprayed onto the base of the electrodes
prior to each measurement which reduced the resistance to more
acceptable value of around 1800 ohms.
2.3.1. Experimental procedure
2.3.1.1. Thorngumbald clay. The experiment using the Thorngumbald
clay was allowed to desiccate naturally with the surface left exposed.
Resistivity measurements were taken at regular intervals over the
three sections with both the Schlumberger and Dipole–Dipole arrays.
The period between scans was increased as observed model changes
reduced. Measurements were discontinued after 65 days of drying,
when no further evolution of fissuring was observed. Once the mea-
surements had been completed, the model was dissected to obtain a
visual comparison between the physical model and the visualisation
obtained from the inversion of the observed resistivity data. The dry
soil was dissected by slicing in two directions as illustrated in Fig. 5a.
2.3.1.2. Galston clay.Accelerated desiccation was induced in the Galston
model by applying heat from a 1200 W infra-red (IR) lamp. The model
underwent three separate drying and wetting periods as shown in
Table 1, to investigate the effect of wetting and drying cycles on the
fissuring network and the response of ERT to the applied changes.
After the third drying period, the surface soil texture was observed to
have changed from a clayey to a more sandy appearance, indicating
a removal of fine particles during the wetting and drying periods. At
this stage the surface soil was removed to observe the state of the
soil beneath the top 5 cm of the model. The soil was found to be intact
and still moist, and no large fissures were observed. The top layer was
then re-wetted, re-compacted and subjected to a further 62 hours of
IR desiccation. After this drying period the model was dissected as
per the Thorngumbald model as illustrated in Fig. 5b. Measurements
were taken regularly using the Schlumberger array and with the
Dipole–Dipole array on the final model.
2.3.2. Data processing, inversion parameters and forward modelling
To ensure the accuracy of the measurements, data were recovered
using minimum stacks of four: where the standard deviation of the
measurements was greater than 10% a further four measurements
were taken and the average of the eight measurements used as the
apparent resistivity. The discrete resistivity sections were spliced
into complete files for the entire surveyed area and were inverted
as Schlumberger and Dipole–Dipole models as well as a combined
file using the commercially available RES3DINV software. Data that
were seen to be unrealistically low (less than 1 ohm-m)was removed,
Fig. 4. Miniature electrodes used.
Fig. 5. Models with positions of dissections and exposed fissure labelling. (a) Thorngumbald and (b) Galston.
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whereas data with high resistivities were included in the data set,
given that the resistivities of fissures could be extremely large. In
addition data were removed after the inversion process, if RMS errors
greater than 100% were observed.
Some movement of electrodes was observed due to the shrinkage
of the soil. The effects of electrode movement can be significant par-
ticularly when using a time-lapse inversion (Wilkinson et al., 2010)
and can result in apparent anomalies forming in the pseudosection,
affecting the interpretation of results. Suchmovements were ultimately
considered to be insignificant on the data set as it was considered that
any increase in electrode spacing would occur where a fissure was
already forming and where the apparent resistivity would already
be high. The intact soil adjacent to the forming fissures would see a
drop in resistivity increasing the contrast between the fissures and the
intact soil, allowing for better visualisation of fissures. Importantly the
inversions of the data set were completed individually rather than as
a time-lapse set reducing the effect of false anomalies discussed by
Wilkinson et al. (2010). Moreover, during the experiment electrodes
were replaced due to breakages and were re-installed at their correct
location, further reducing the effects of electrode movements.
For each inversion used, the L2 norm or blocky inversion parameter
was used to further highlight the contrast between the high resistivity
fissures and low resistivity intact soil. To minimise the RMS error be-
tween the observed data and the resistivity model, model block sizes
of one third times the electrode spacing were used. An additional effect
was that the observed fissures were more accurately characterised
(Fig. 6). The finite element method was used with 4 nodes applied
between adjacent electrodes to ensure high model accuracy and the in-
complete Gauss-Newton optimisationmethodwith a convergence limit
of 0.01% was applied to reduce the overall inversion time: inversions
using the standard Gauss-Newton method took several hours to con-
verge to 5% using a PC with a dual core processor and 8 Gb of RAM,
due to the high number of model blocks. With the incomplete Gauss-
Newton method the inversion time was less than one hour. Iterations
were set to a maximum of 20, though no inversion required more
than 15 to converge and the majority of inversions were completed
with less than 10 iterations. Once the inversions were complete the re-
sistivity models were visualised using Voxler, a commercially available
3-D visualisation package.
2.3.2.1. Edge effect due to model boundaries. As previously described,
the experiment was carried out in a container in which the outermost
electrodes were placed only 5 cm from the container walls. At such
close proximity the walls can be seen to have some influence on
the resistivity measurements (Fig. 7). The tank walls and base act
to increase the apparent resistivity of the outermost electrodes,
with this effect increasing with increased array length. Thus, some
additional modelling was carried out to ensure that the effects were
sufficiently suppressed without impairing the visualisation of subsur-
face fissures.
A forward modelling approach previously used to eliminate the
influence of an air boundary on resistivity measurements was used
as described by Wiwattanachang and Giao (2011), In their study cor-
rection factors based on a 3-D forward model using the RES3DMOD
program from Geotomo Software were used to correct 2-D resistivity
measurements obtained from a concrete model. Correction factors
were based on simulated apparent resistivity values obtained from a
model with and then without boundaries. The resultant correction
factors when applied eliminated the apparent resistivity rise and
enabled the forming cracks to be more accurately modelled. In this
study it was considered that such an approach would be difficult as
themeasurements were taken in four directions, x, y and in 2 diagonal
directions, and boundaries were not placed at regular distances from
the electrodes. Additionally, due to the dynamic changes in the soil
properties, such as moisture content, density and porosity the model
would add an extra degree of complexity to any correction factor,
Table 1
Drying and saturating periods with corresponding scans for Galston model. WS=
Schlumberger, DD=Dipole–Dipole.
Time (hours) Wet/Dry period Period (hours) Scan number Scan type
0 Saturated model n/a 1 WS
48 Air dried 48 2 WS
52 Infra-red dried 4 3 WS
72 Infra-red dried 16 4 WS
360 Air dried 288 5 WS
384 Infra-red dried 16 n/a n/a
408 Infra-red dried 16 6 WS
456 Surface saturated 48 n/a n/a
480 Infra-red dried 16 7 WS
504 Infra-red dried 16 8 WS
552 Air dried 48 n/a n/a
624 Model Saturated 72 n/a n/a
648 Infra-red dried 16 9 WS
936 Air dried 288 10 WS
984 Air dried 48 n/a WS
1032 Infra-red 32 11 WS
1080 Model re-compaction n/a n/a n/a
1104 Air dried 24 12 WS
1128 Infra-red dried 16 13 WS
1172 Air dried 48 n/a n/a
1224 Infra-red dried 32 14 WS
1272 Air-dried 48 n/a n/a
1296 Infra-red dried 16 15 WS and DD
1440 Air-dried 144 16 WS and DD
Fig. 6. Effect of model refinement on resolution of fissuring. (a) Normal electrode spacing, (b) half electrode spacing, (c) third electrode spacing.
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increasing the uncertainty in any corrected value. It was decided
instead to suppress the tank walls and base through additional model
constraints. The model constraints were first tested on a forward
model created in RES3DMOD, of a similar size to the physical model
used here. Once the model constraints had been shown to reduce the
apparent boundary effect the same constraints were applied to the ini-
tial Thorngumbaldmodel, prior to desiccation to verify the effectiveness
on real data.
The effects of the boundary on the Thorngumbald resistivity model
prior to desiccation are shown in Fig. 7a, with the electrode spacing of
0.045 m. The effect of the tank walls on the model can be seen as areas
of elevated resistivity propagating from the outermost blocks of the
model. Contours are based on values obtained for the upper most
layer of the resistivity model where the influence of the boundaries
can be assumed to be negligible: the mean resistivity obtained from
the top layer of the resistivity model was 14.2 ohm-mwith a standard
deviation of 9.4 ohm-m; from this it could be reasonably assumed that
for the relatively homogeneous model expected that any section
displaying resistivity of greater than 24 ohm-m could be considered
to be influenced by the tank walls and base.
Fig. 7b shows the effect of reducing the model block size to one
third. This acted to reduce the magnitude of the boundary although
the extent of its influence remained unchanged. Additionally the
model was extended to beyond the measured area, to include the
area surrounding the electrode array. This had the effect of reducing
the extent of the boundary influence in the x-direction, although the
region of elevated resistivity was increased in the y-direction (Fig. 7c).
The final change to the model was to include a layer to simulate the
base of the model at 0.18 m. This further suppressed the boundaries
(Fig. 7d), and their extent can be seen to be restricted to the edges
(Fig. 7e and f), with the majority falling outside of the area measured
by the resistivity array. Additionally the simulated model base acted
to improve the resolution of fissures with depth as can be seen in
Fig. 8a and b.
3. Results and discussion
3.1. Resistivity modelling
3.1.1. Surface fissuring
The evolution of the surface fissuring pattern on the two soil
models can be seen in Figs. 9a and 10a, with the corresponding
top layers of the 3-D resistivity models in Figs. 9b and 10b. The
Thorngumbald model showed a gradual growth of fissures evolving
to a fully interconnected network at the surface after 9 days of drying
time, with only a small increase in fissuring width, to a maximum of
1.5 cm observed. The Galston model as expected showed a more rapid
evolution of the fissuring network, with initial fissures observed on
the surface after 4 hours of IR drying. The fully developed fissuring
pattern had evolved after a further 16 hours of IR drying and no increase
in fissure width was observed after this point. In both cases the models
displayed clear separations along the fissures into polygonal blocks
Fig. 7. Effect of model boundaries on initial Thorngumbald resistivity model: (a) Model at z=0.17 m with block sizes of 4.5 cm applied, (b) Model with blocks reduced to 1.5 cm,
(c) Model showing the effect of extending the model to include area outside the survey grid, (d) Initial model with boundary applied at 0.18 m.
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demonstrating the surface interconnection as discussed by Corte and
Higashi (1964), Kodikara et al. (2000) and Konrad and Ayad (1997).
The resulting resistivity models shown in Figs. 8b and 9b show
high resistivity anomalies corresponding with the positions of the
fissures, contrasted with the lower resistivity of the intact soil. The re-
sults are consistent with the findings of previous works (Samouelian
et al., 2003, 2004; Sentenac and Zielinski, 2009). Clear similarities
can be seen between the shape and position of the high resistivity
anomalies on the top surface of the resistivitymodels and the fissuring
network observed on the physical soil model: the grids applied to the
displayed models show that the position and lengths of the major
fissures are consistent. From these results it can be concluded that
at this scale the surface fissuring network can be sufficiently mapped
in terms of the psuedolocation of fissures and the characterisation
of the resultant polygonal blocks. The fissure width resolved using in-
version software is larger than the fissurewidth observed on the phys-
ical model as can be seen in Figs. 9 and 10. The fissures shown in the
Voxler plot of the top layer of the Thorngumbald model show the
width of the anomalies to be 4.5 cm, equal to the electrode spacing.
This compares with the actual maximum fissure width of 2 cm mea-
sured on the physical model. This perhaps reveals a weakness of the
method, in that two or more fissures falling between the same mea-
sured sections of an arraywould likely be resolved as a single anomaly.
This effect can be observed in the re-saturated model shown in Fig. 10,
where a large number of small fissures fall between the electrodes at in-
dicated points: these fissures can be seen as a single large anomaly,
which in certain situations would act to mask the severity of the prob-
lem. This is of particular importance when considering field measure-
ments, electrode spacings far larger than those used here will be
required to make a field survey efficient.
3.1.2. Subsurface fissure monitoring
The resistivity model shown in Figs. 9c and 10c shows an apparent
increase in fissure depth with drying time. Analysis of the apparent
resistivity shows an increase in resistivity values with time for intact
data indicating that the arrays are sensitive to changes in moisture
content (Figs. 11 and 12). Additionally resistivity values increased
with time for fissures with the plots diverging after 1200 hours from
the start of the test (Fig. 11). This appears to confirm the observations
of the apparent increase in fissure depth observed in Fig. 8c.
Analysis of the apparent resistivity data for the Galston model
shows the variation in resistivity with time and clear indications of
the effect of the infra-red drying can be seen in Fig. 12. The apparent
resistivity trend for two contrasting sections of soil is shown, the
first was fissured on the initial model but remained un-fissured
after re-compaction and the second showed the opposite trend,
becoming fissured after re-compaction. The data values for the cracked
soil were comparable with those obtained for the shallow cracks re-
solved in the Thorngumbald model. Additionally there was a general
rise observed in the resistivity values obtained for the intact soil,
which correlates with the observations for the Thorngumbald model
confirming the Schlumberger's sensitivity to reducing moisture in the
model.
Fig. 8. Effect of model boundaries on fissured Thorngumbald resistivity model: (a) Model
Slice with no model base applied, (b) Model slice with base applied showing suppressed
boundary.
Fig. 9. Development of fissuring for Thorngumbald model: (a) photographs showing surface fissures;(b) resistivity model from combined data sets, First model layer (z=0.01 m)
(c), vertical slice at x≈38 cm.
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3.1.3. Dissection and model comparison
3.1.3.1. Thorngumbald. As can be seen the pseudolocation of fissures B,
C and D are correctly resolved for both the Schlumberger and
Combined arrays (Fig. 13a) along with fissure F and E (Fig. 13b).
The Dipole–Dipole survey showed an extended region of high resis-
tivity at the edges of the model, corresponding to fissure D and F, in-
dicating poor resolution of fissures at the model edges for the Dipole–
Dipole array. Additionally fissures A and E are not resolved, indicating
that poor data recovery had occurred due to high contact resistance. Fis-
sure A is poorly resolved by the Schlumberger, appearing as an area of
elevated resistivity below that defined as being fissured, though the
fissure is outside the survey area and adjacent to themodel boundaries,
which would offer some explanation as to its poor resolution.
It can be seen that the combined array provided the most accu-
rate fissuring depths; fissure D is particularly well resolved with a
pseudodepth of 2.5 cm with the same depth observed on the actual
model. The Schlumberger model slightly, overestimates the depth
of fissuring with depths of 7.5 cm recovered for fissures B and D,
compared to their actual measured depths of 5 and 2.5 cm respectively.
However the Schlumberger model performs better than the Dipole–
Dipole array which greatly overestimates fissure B with a depth of
12.5 cm and estimates that fissure D extends to the bottom of the
model. Fissure F is overestimated by both the Combined and the
Schlumberger array and the psuedolocation of fissure E is inaccurate
below the top 5 cm. This indicates the effect of poor data coverage in
the y-direction.
3.1.3.2. Galston. As can be seen in Fig. 14, the most prominent features
are the subsurface discontinuities growing from fissure H, J and K.
The combined and Schlumberger models show resolution of the sub-
surface fissure in Fig. 14a with two high resistivity anomalies areas
with an adjoining region of elevated resistivity below the intact
soil near the surface of the model. Similar anomalies can be observed
in Fig. 14b for the Schlumberger and Dipole–Dipole models. The
results indicate that the arrays are sensitive to such fissuring, but
Fig. 10. Development of fissuring for Galston model: (a) photographs showing surface fissures;(b) resistivity model from combined data sets, First model layer (z=0.01 m) (c),
vertical slice at x≈38 cm.
Fig. 11. Thorngumbald apparent resistivities for the first layer of the model, showing
resistivity variations for observed fissures and intact soil.
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the inconsistency of the results indicates such fissures can be a source
of noise and result in inaccurate measurements. This is particularly
true if we consider the case of a complete discontinuity which would
result in no current flow and therefore no data recovered for that
section, leading to a poor model.
3.2. Discussion of Schlumberger, Dipole–Dipole and combined arrays
From the results of both models it can be observed that the
Schlumberger array satisfactorily resolves the fissures forming in
the subsurface in terms of their estimated depths and their surface
positions. The Dipole–Dipole was also successful in resolving fissures
in the subsurface though could be seen to overestimate the fissure
depths. Based on observations, the combined array provides the most
accurate model (Figs. 13 and 14) although the model is obviously
dependent on the quality of the data obtained from each scan. Figs. 15
and 16 show orthogonal planes of the resistivity models for the
Thorngumbald and Galstonmodels displaying the resolution of fissures
at the surface and in the subsurface. In terms of the observed pattern
of fissures and the polygonal blocks formed the Schlumberger and
combined model provide accurate resolution of the surface fissuring
in both the Thorngumbald (Fig. 15a and c) and the Galston models
(Fig. 16a and c). The Dipole–Dipole model shows large inaccuracies in
the mapped surface for both the Thorngumbald and Galston model
(Figs. 15b and 16b). The reason for the errors can perhaps be due to
poor contact between the electrodes and the dry soil, which is known
to affect Dipole–Dipole measurement. Also included in Fig. 14 is the
approximate position of the subsurface fissure found to bisect the
Thorngumbald model, fissures C, E and G (Fig. 5). Based on the images
presented in Fig. 13 it could be concluded that the Schlumberger
model provided good resolution of the model in the subsurface as the
fissure positions are well matched, although it can be seen that in
terms of the pseudolocation of the central fissure C, the Dipole–Dipole
array provided the most accurate resolution and (Fig. 15b) and that
the Schlumberger model did not resolve the connection between
fissures C, E and G down to the bottom of the model (Z=0.15 m).
From themodels presented in Figs. 15 and 16 it can be seen that both
the Schlumberger and Dipole–Dipole arrays when combined can be
used to map surface fissures in a clayey soil, although poor contact
between the soil and electrodes may result in errors, particularly
when using the Dipole–Dipole array. This is particularly important
when considering a long term ERT monitoring, where dry soil is likely
to be encountered during the summer months. Additionally the use
of Schlumberger, Dipole–Dipole and a combination of the two can
be used to visualisefissuring in the subsurface, although aswith all resis-
tivity problems resolution is reduced with depth and inaccuracies can
be observed particularly in regionswith low data coverage. Additionally
some overestimation of the fissuring depth was observed particularly
from theDipole–Dipolemodel. This againmay be a result of inaccuracies
due to high contact resistances or may also be due to the effect of the
Fig. 12. Galston apparent surface resistivity, showing variation with drying and wetting
for a section of soil initially fissured and another intact after the 1st stage of Infra-red
drying.
Fig. 13. Comparison of exposed fissured model with resistivity sections for Thorngumbald clay (a) first cut (b) second cut.
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electrode length, which was slightly above the critical length required
to result in increased uncertainties (Rücker and Günther, 2011).
As expected a model created from a combined Dipole–Dipole
and Schlumbeger data provided the most accurate model owing to
the increased data coverage and the complementary nature of the
two arrays. In particular the model shows improved accuracy when
considering the resolution of fissures in the subsurface. The accuracy
of themodel is obviously dependent on the quality of the data obtained
from both scans.
3.3. Practical implications of results
Results from the survey revealed that miniature arrays with 4.5 cm
spacing can accurately map and monitor the changes on the surface
fissuring pattern forming in desiccating clay. The smallest fissure re-
solved on the final model was 3 cm deep with a surface fissure width
of just over 2 mm, although it can be seen that the fissures forming
early on in the desiccation process were far smaller with measured
pseudodepths of 1 cm and surface fissure widths of less than 1 mm.
The fissure sizes measured here are obviously far below what can be
observed in the field and thus the effect of up-scaling must also be
considered. If one considers interconnected fissures forming to depths
of 0.6 m as observed through trenching by Dyer et al. (2009) the array
length would need to be a minimum of 4 m to be able to measure the
full vertical extent of the fissure. Using an electrode grid of 12 by 4 as
used here the electrode spacing would need to be greater than 0.3 m
to ensure this depth was reached.
The method presented here used discrete sections to monitor and
map desiccation fissures in the laboratory. As discussed previously
there are some shortcomings from using discrete sections rather than
a continuous section with the low data coverage in the y-direction of
particular concern. The results presented here however indicate that
even with poor coverage, using the discrete method of measurement,
fissures forming can be detected in the y-direction, and their depths
reasonably estimated. It is also shown by comparisonwith a continuous
rolling survey that additional measurements at the topmost surface do
not dramatically improve the results in the subsurface (Fig. 2), though
it can be seen that resolution at the upper surface can be improved.
Fig. 14. Comparison of exposed fissured model with resistivity section for Galston clay (a) first cut (b) second cut.
Fig. 15. Depth slices for Thorngumbald 3-D lab model after 1056 hours showing relative position of bisecting fissures (a) Schlumberger (b) Dipole–Dipole (c) Combined model.
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Such an approach is of course not possible for ERT monitoring and the
only solution is to use a larger grid preferably with more electrodes
providing the equipment used can support such a setup.
3.3.1. Time considerations
As previously mentioned the time taken to complete a full survey
of the 12 by 12 electrode section was as much as 4 hours, although
it is worth bearing in mind that several factors were employed to
improve data accuracy that greatly increased the measurement time
observed. It is also worth considering that recent advancements
in equipment with multichannel measurements would act to reduce
the survey time and that the miniature cable used here made re-
positioning difficult, more-so than would be expected when using
conventional sized arrays. Despite these factors it is still worth con-
sidering the efficiency of using multiple array types over a single
array. When considering the arrays tested here, it can be seen that
both the Schlumberger and Dipole–Dipole arrays provided adequate
and comparable results for the mapping and monitoring of fissures
forming in a clay model, although the Dipole–Dipole array showed
poor resolution with some anomalies missed possibly due to poor
contact between the soil and the electrode. It can be concluded that
the use of a single Schlumberger array is sufficient in such an applica-
tion. The time required to complete the survey is significantly shorter
than when using the Dipole–Dipole. However in situations where
survey times are not important such as long term remote monitoring,
the use of multiple arrays is advantageous allowing the temporal
effects on each array used to be investigated.
4. Conclusions
The study presented here has shown that under laboratory condi-
tions desiccation fissuring in a soil mass can be monitored and mapped
in 3-D using miniature ERT. The results show that with relatively
low data coverage, it is still possible to identify individual fissures in
the subsurface and to estimate the fissuring depth. The maps produced
for the inverted resistivity data enabled the interconnection between
fissures at the surface to be identified and the results presented indicate
that fissuring in the subsurface was also detected. The polygonal blocks
resulting from the fissured networks were successfully characterised
and compare well with those observed on the physical model; their
detection andmonitoring in the laboratory suggests thatwhere vegeta-
tion obscures the fissures 3-D ERT can be used as a diagnostic technique
allowing the extent and severity of such defects to be analysed. Contour
values for the low resistivity intact soil and higher fissures have been
established and verified on the two models tested, with any anomalies
shown to above 100 ohm-m being identified as a fissure. The contour
range needs verification in the field and may not hold true for all fill
materials used in geo-barriers.
Two array types were tested and it has been demonstrated that a
combined survey using both Schlumberger and Dipole–Dipole array
produced the most accurate resistivity maps, based on the surface
fissures and on the observations made of exposed fissures after
dissection. The Schlumberger method was found to be the better of
the two and is recommended by the authors for future mapping of
fissured networks where time constraints apply, due to its shorter
survey time and sufficiently good resolution.
The method presented demonstrates an easily replicable tech-
nique which can be applied in the field; though further research is re-
quired into the effect of up-scaling the survey to a conventional size
before the method can be used as a standard technique. Additionally,
it can be concluded that poor coverage of the data in one or more of
the planes can result in reduced resolution of the fissures, though
the use of roll along survey has been shown to improve the resolution
at the surface of the soil. Further research is required using two and
three electrode arrays as an alternative method, having the advantage
of providing greater coverage at the array edges than four electrode
arrays.
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